Background and objectives In the albumin-to-creatinine ratio (spot-ACR), urine creatinine corrects for tonicity but also reflects muscle mass. Low muscle mass is associated with cardiovascular disease (CVD). We hypothesized that the spot-ACR would be higher in women, lower-weight persons, and older individuals, independent of timed urine albumin excretion (24hr-UAE), and accordingly, that spot-ACR would be more strongly associated with CVD events than 24hr-UAE in these subgroups.
Introduction
Albuminuria is an established marker of CKD progression and is associated with risk for cardiovascular disease (CVD) and death in many settings (1) (2) (3) (4) . A large meta-analysis of the relationship between the albumin-to-creatinine ratio (spot-ACR) and mortality showed that even at low spot-ACR (.5 mg/g) there is a dose-response relationship between spot-ACR and all-cause and cardiovascular mortality after adjustment for cardiovascular risk factors (2) . The relationship between low-grade elevations in spot-ACR and CVD events is often attributed to subclinical renal or vascular disease (2, 3, 5, 6) . This is probably the case for patients with greater albuminuria, whereas for those with low-level albuminuria, the influence of the denominator (low urine creatinine) may more easily classify an individual into the spot-ACR . 5 mg/g group. Thus, we suspected that low urinary creatinine concentration may be another important factor linking spot-ACR with CVD risk.
The gold standard to quantify albuminuria is a timed urine collection, but this is cumbersome and frequently inaccurate because of collection errors (7) . Across a population, spot-ACR correlates well with timed albuminuria (8, 9) . Therefore, the Kidney Disease Outcomes Quality Initiative recommends spot-ACR as the standard method for screening and monitoring albuminuria (7) . Urine creatinine concentration is used in the denominator to account partly for changes in urine tonicity, which depends on fluid intake (10, 11) , medications, and time of day (12, 13 ). An analysis of the RENAAL (Reduction of Endpoints in Non Insulin Dependent Diabetes Mellitus with the Angiotensin II Antagonist Losartan) study found that spot-ACR had a stronger association with loss of GFR than did 24-hour urinary albumin excretion (24hr-UAE) (14) . Thus, a surrogate marker was more strongly associated with disease progression than the gold standard measure. This may have resulted from inadequate timed urine collection. However, urine creatinine might also carry prognostic information beyond urine tonicity. Creatinine is generated at a constant rate by skeletal muscle and is cleared almost exclusively in the urine (15) . Thus, when serum creatinine is in steady state, the quantity of creatinine produced by muscle must equal the amount excreted. Prior studies demonstrate that timed urine creatinine excretion rate is highly correlated with muscle mass (16, 17) , and lower levels are associated with mortality (18, 19) . These studies use timed urine collections, yet similar factors should influence spot urine creatinine. Thus, beyond marking tonicity, low spot urine creatinine concentration may reflect low muscle mass, which may bias the spot-ACR to higher levels in women (20) and, probably, in older individuals or those with lower weight.
To investigate this bias, we compared the relative strengths of association of spot-ACR and 24hr-UAE with incident CVD events in the PREVEND (Prevention of Renal and Vascular End-stage Disease) study. We hypothesized that spot-ACR would be more strongly associated with CVD events than would 24hr-UAE in persons with low 24-hour creatinine excretion, in women, and in lower-weight and older subgroups. We evaluated participants with 24hr-UAE less than 30 mg/d, in whom we expected this bias to be most evident.
Materials and Methods

Participants
The PREVEND study has been described elsewhere (21, 22) . In brief, between 1997 and 1998, all 85,421 inhabitants of Groningen, the Netherlands, age 28-75 years were mailed a questionnaire and a vial to collect first morningvoid urine. Spot urine albumin concentration (spot-UAC) was measured for the 40,856 respondents. Pregnant women and persons with type 1 diabetes were excluded. All participants with spot-UAC 10 mg/L or greater (n=7768) and a random subgroup of participants with spot-UAC less than 10 mg/L (n=3395 of 30,890) were invited to participate. In the group with higher spot-UAC, 6000 agreed to participate; in the group with lower values, 2592 agreed (total n=8592).
We created a subcohort with a distribution of spot-UAC resembling that of the 40,856 initial respondents, consistent with prior PREVEND analyses (21) . We included all 2592 participants with spot-UAC less than 10 mg/L and used a computer-generated random sample of 828 individuals from the group with higher spot-UAC. Patients missing spot urine creatinine concentration were excluded (n=608). Because we hypothesized that urine creatinine concentration would have the greatest effect on CVD risk in participants with lower levels of albuminuria, those with 24hr-UAE greater than 30 mg/d (n=232) were excluded. The final sample size was 2627 participants.
All participants attended two study visits. At the first visit, a detailed health and family history survey was completed, and demographic and anthropometric data and fasting venous blood samples were collected. Participants were instructed on collecting accurate 24-hour urine samples, and written instructions were provided. Two 24-hour urine samples were collected on consecutive days less than 4 days before the second visit and stored at 4°C until processed.
Measurements
Urinary Measures. UAC was measured in spot and timed specimens by nephelometry, with intra-assay and interassay coefficients of variation of 4.3% and 4.4%, respectively (BNII, Dade Behring Diagnostica, Marburg, Germany). Urinary creatinine concentration was measured by Kodak Ektachem dry chemistry (Eastman Kodak, Rochester, NY). Intra-assay and interassay coefficients of variation were 0.9% and 2.9%, respectively. Spot-ACR was calculated in the first morning-void sample, provided before enrollment. Twenty-four-hour albumin and creatinine excretion were calculated as the mean value from the two timed urine collections.
CVD Events. Information on CVD events was obtained from the Dutch Central Bureau for Statistics for fatal CVD events and from Prismant, the Dutch national registry of hospital discharge diagnoses. This registry has proven validity: 84% of primary diagnoses and 87% of secondary diagnoses match those recorded in the patients' charts (23, 24) . All data were coded using the International Classification of Diseases, Ninth Revision. CVD events included acute myocardial infarction, acute and subacute ischemic heart disease, coronary artery bypass grafting, percutaneous transluminal coronary angioplasty, subarachnoid hemorrhage, intracerebral or other intracranial hemorrhage, occlusion or stenosis of precerebral or cerebral arteries, or other vascular interventions (including percutaneous transluminal angioplasty or bypass grafting of the aorta and peripheral vessels). Time to event was calculated as the number of days from the urine collection to first event, last contact, or study end on January 1, 2009.
Other Measures. Systolic BP and diastolic BP were calculated as the mean of the last 2 of 10 consecutive measurements done at each visit. Measures were taken in the supine position with an automatic Dinamap XL Model 9300 series device (Johnson & Johnson Medical Inc., Arlington, TX). Hypertension was defined as systolic BP of 140 mmHg or greater, diastolic BP of 90 mmHg or greater, or antihypertensive medication use. Diabetes was defined as a fasting glucose level of at least 126 mg/dl, self-reported diabetes, or hypoglycemic medication use. Hyperlipidemia was defined as fasting total cholesterol level of 6.2 mM or greater if there was no history of coronary artery disease or 5.0 mM or greater in those with history of coronary artery disease, self-reported diagnosis of hyperlipidemia, or use of lipid-lowering medications (25) . Smoking was categorized as never, previous, or current. Serum creatinine was measured by Kodak Ektachem dry chemistry, an automatic enzymatic method, and was used to estimate GFR using the Modification of Diet in Renal Disease equation (26) .
Statistical Analyses
Initial analyses demonstrated that spot urine creatinine values differed considerably by sex, so sex-specific tertiles of spot urine creatinine concentration were used to compare baseline demographic characteristics, anthropometric measurements, and CVD risk using chi-squared tests, analysis of variance, and Kruskal-Wallis tests, as appropriate.
All urine measures had skewed distribution, so Spearman rank correlations were used to determine correlations between spot and 24-hour urine measurements. We used linear regression to evaluate whether 24-hour urine creatinine excretion, weight, age, and sex were associated with natural log-transformed spot-ACR independent of 24hr-UAE. Models were adjusted for 24hr-UAE and then for age, sex, and weight individually. Results are presented as the percentage difference in spot-ACR, calculated according to the following formula: (e b 2 1) 3 100. Cox proportional hazards models determined the association of each urinary marker with CVD events. A cutpoint above or below 10 mg/g was used for spot-ACR, the level considered optimal according to recent statements from Kidney Disease Improving Global Outcomes (27) . A corresponding cut-point of 10 mg/d was used for 24hr-UAE. An initial model was unadjusted; a second model was adjusted for sex, age, and weight; and a final model was additionally adjusted for estimated GFR (eGFR), hypertension, diabetes, hypercholesterolemia, prevalent coronary artery disease, and tobacco use. An additional model was adjusted only for 24-hour creatinine excretion. Subsequently, all models were repeated within several prespecified subgroups (sex and tertiles of 24-hour urine creatinine excretion, weight, and age). Because of the few CVD events in the lower two age tertiles, these tertiles were collapsed and compared with the highest tertile. Finally, we created multiplicative interaction terms to evaluate effect modification by creatinine excretion rate, weight, age, and sex on the association between spot-ACR and 24hr-UAE with CVD events. All analyses were conducted using Stata SE, version 9.0 (College Station, TX). P values less than 0.05 were considered to indicate statistically significant differences for all analyses, including interaction terms.
Results
Among the 2627 study participants, the mean age 6 SD was 48612 years, and 55% were female. Mean body weight was 71612 kg in women and 83611 kg in men. Mean eGFR was 80614 ml/min per 1.73 m 2 . All participants had 24hr-UAE less than 30 mg/d by design. Median spot-ACR was 4.7 mg/g (interquartile range, 3.5-6.9 mg/g), and median 24hr-UAE was 6.9 mg/d (interquartile range, 5.4-9.8 mg/d). During a median follow-up of 10.7 years (interquartile range, 10.1-11.1 years), 190 CVD events occurred.
Men had higher timed and spot urine creatinine values than women (Figure 1 ). Compared with participants in the lowest spot urine creatinine tertile, those with higher levels were younger; had less coronary artery disease, hypertension, dyslipidemia, and smoking; and had higher eGFR (Table 1) . Results were similar in men and women, although higher urine creatinine was associated with higher weight only in men. Individuals with high urine creatinine had higher spot-UAC, probably reflecting commensurate effects of urine tonicity on both measures because 24hr-UAE did not significantly differ between the urine creatinine groups. This is consistent with findings across the distribution of daily creatinine excretion; at higher levels of daily creatinine excretion, 24hr-UAE was slightly higher and spot-ACR, slightly lower.
Spearman correlations between urinary measures (Supplemental Table 1 ) were strongest for spot-ACR and spot-UAC (r=0.59). Spot-UAC and spot urine creatinine concentration were moderately correlated (r=0.54), again probably reflecting effects of urine tonicity on both. The remaining correlations were weaker. Daily creatinine excretion and spot urine creatinine concentration were only moderately correlated (r=0.38).
We evaluated whether factors linked with lower muscle mass were associated with higher spot-ACR, independent of 24hr-UAE. We observed that persons with lower creatinine excretion rate, lower weight, older age, and female sex had significantly higher spot-ACR at any given level of 24hr-UAE (Table 2) .
We observed an association of 1/spot urine creatinine with CVD events (hazard ratio [HR] per ln-SD higher, 1.16 [95% confidence interval (CI), 1.01-1.32]) (Figure 2 ). When evaluated within subgroups defined by 24-hour creatinine excretion, age, sex, and weight, 1/spot urine creatinine was similarly associated with CVD events, and 95% CIs were overlapping across subgroups. Tests for interaction were not statistically significant (P for all interactions . 0.21). Spot-UAC was associated with CVD events (HR per ln-SD higher, 1.26 [95% CI, 1.10-1.43]), and this was weaker than the association of spot-ACR with CVD events (HR per ln-SD higher, 1.41 [95% CI, 1.25-1.58]) when we compared the point estimates, although 95% CIs were overlapping (Figure 3 ). Results were similar across subgroups without significant interactions (P for all interactions . 0.13). Table 3 shows the unadjusted HRs for spot-ACR greater than 10 mg/g versus lower and 24hr-UAE greater than 10 mg/d versus lower in all participants and in subgroups. When all participants were evaluated together, spot-ACR greater than 10 mg/g and 24hr-UAE greater than 10 mg/d were similarly associated with CVD events. The association of high spot-ACR and 24hr-UAE with CVD events was similar across tertiles of urine creatinine excretion, age, weight, and sex, and no statistically significant interactions were detected (P for all interactions . 0.06). Results were similar when models were adjusted for age, sex, weight, kidney function, and traditional CVD risk factors (Supplemental Table 2 ). Finally, we evaluated whether the relative associations of spot-ACR and 24hr-UAE with CVD events were changed and rendered more similar with adjustment for 24-hour creatinine excretion (Table 4) . Spot-ACR greater than 10 mg/g appeared to remain more strongly associated with CVD events in groups with low muscle mass despite this adjustment, although 95% CIs were widely overlapping.
Discussion
In a community-living population with 24hr-UAE less than 30 mg/d, we demonstrate that spot-ACR is higher in persons with lower 24-hour urine creatinine excretion (a measure of lower muscle mass), older persons, individuals with lower body weight, and women. Spot urine creatinine concentration was only moderately correlated with 24-hour urine creatinine excretion, probably reflecting the influence of urine tonicity. Despite these findings, spot-ACR and 24hr-UAE have similar associations with CVD events in all participants combined and in subgroups with different muscle mass. Both spot-UAC and 1/spot urine creatinine were associated with CVD events, and neither was as strongly associated with CVD events as was their ratio (spot-ACR).
Prior studies demonstrated that spot-ACR is more likely to misclassify patients with lower muscle mass as having microalbuminuira (28) . Similarly, at the same level of albuminuria, women have higher spot-ACR than do men (20, 29, 30) . With age, spot-ACR increases more rapidly than 24hr-UAE, whereas 24-hour creatinine excretion rate and spot urine creatinine concentration decline (21, 30) . These studies, in conjunction with the data presented here, are consistent with the hypothesis that muscle mass influences the relationship between spot-ACR and 24hr-UAE; spot-ACR is higher at any given level of 24hr-UAE in individuals with lower muscle mass.
Standardized measures of muscle mass (dual-energy x-ray absorptiometry, bioelectrical impedance, and midarm circumference measures) are highly correlated with 24-hour urinary creatinine excretion rates (17, 31) , and creatinine excretion rate is lower in persons who are older, in women, and in those with lower body mass index (32) (33) (34) . As demonstrated here, 24-hour urine creatinine excretion rate and spot urine creatinine concentrations are moderately correlated (r=0.38), and persons with lower spot urine creatinine were older, weighed less, and were more frequently female. Thus, beyond marking dilute urine, low spot urine creatinine may also mark lower muscle mass and by extension may mark greater frailty or less physical activity, factors that themselves lead to adverse health outcomes through mechanisms independent of urine albumin excretion.
Several studies demonstrate that lower urine creatinine excretion rates on timed urine specimens are associated with greater mortality risk, CVD events, and progression of CKD, independent of albuminuria and eGFR (14, 18, 19) . We make the novel contribution that similar associations extend to spot urine creatinine in community-living individuals. However, this association was weaker than those reported with 24-hour urine creatinine excretion (18, 19) . This weaker association probably reflects the joint influence of muscle mass and urine tonicity on spot urine creatinine concentration.
Despite these findings, we did not observe differences in the association of spot-ACR with CVD events across subgroups of timed urine creatinine excretion, age, sex, and weight. In this population, the association between urinary measures of albuminuria and CVD events was strongest for spot-ACR, and the relationship between 1/urine creatinine and CVD events was only modestly significant. The association of spot-UAC with CVD events was intermediate. When adjusted for daily creatinine excretion, spot-ACR was most strongly associated with events in the subgroups with low muscle mass, again suggesting that albuminuria may be a more important factor in the association of spot-ACR with events than low urinary creatinine. One explanation may be the ranges of urine albumin and creatinine concentrations observed in clinical practice. Urine albumin excretion often varies over several orders of magnitude (from less than 3 mg/d to (8) 51 (13) 21 (6) 17 (4) ,0.001 female 53 (4) 32 (7) 11 (2) 10 (2 greater than 3000 mg/d). In comparison, the range of urine creatinine values is constrained by less dramatic differences in muscle mass and urinary concentration. These physiologic constraints may result in greater effect of albuminuria on the spot-ACR and thus on its association with CVD events. To mitigate this, we excluded participants with 24hr-UAE greater than 30 mg/d; however, we still did not observe marked differences in associations of spot-ACR versus 24hr-UAE with CVD events. Another possibility for the observed similar associations of spot-ACR and 24hr-UAE with CVD is the confounding influence of urine tonicity. In contrast to urine creatinine, in Table 2 . Influence of weight, sex, and age on spot urine albumin-to-creatinine ratio, independent of 24-hour urine albumin excretion Figure 2 . | Unadjusted associations per SD lower 1/spot urine creatinine (i.e., higher spot urine creatinine concentration) on the natural log scale with CVD events. Subgroups were selected a priori on the basis of hypothesized differences in muscle mass. P values for interaction were 0.47 for creatinine excretion tertiles, 0.38 for weight tertiles, 0.33 for age, and 0.21 for sex. Error bars reflect 95% confidence intervals.
which lower levels appear to mark excess risk, higher urine tonicity measured by osmolality or specific gravity has been associated with higher rates of CVD and with increased BP (35, 36) . These risks may be due to the adverse effects of salt and fluid retention on BP. Thus, the association of lower spot urine creatinine concentration with CVD events may be weakened by differences in urine tonicity, which was not measured in this cohort. Finally, it is possible that our study was underpowered to detect differences in CVD events across subgroups because only 190 CVD events occurred during follow-up. Future studies with more CVD events should re-evaluate these associations across subgroups with different amounts of muscle mass. Strengths of this study include its evaluation of communityliving individuals with both first morning spot urine specimens and two timed 24-hour urine collections in series, evaluation of both men and women, and long-term follow-up.
The study also has limitations. We evaluated a European cohort, which provided little racial heterogeneity. We Figure 3 . | Unadjusted associations per SD lower spot urine creatinine and per SD higher spot urine albumin concentration and spot urine albumin-to-creatinine ratio with CVD events on the natural log scale for the entire cohort. Error bars reflect 95% confidence intervals. limited the study sample to persons with 24hr-UAE less than 30 mg/d because marked albuminuria is an established risk factor for CVD, and we hypothesized that the bias introduced by urine creatinine would be greatest in the sub-microalbuminuric range. Whether results generalize to persons with overt albuminuria or CKD are unknown.
Other methods of adjusting spot-UAC for urine tonicity (i.e., urine osmolality or specific gravity) were not available in this study. We also lacked a direct measure of muscle mass (i.e., dual-energy x-ray absorptiometry or bioimpedence), which would be useful to more precisely evaluate patients with lower muscle mass. Last, because urine creatinine appears to mark muscle mass, difference in predominantly middle-aged community-living populations may reflect physiologic rather than pathologic changes in muscle. Results may differ in older cohorts or in individuals with chronic diseases.
In conclusion, among community-living individuals with 24hr-UAE less than 30 mg/d, spot-ACR is higher in women, individuals with lower body weight, and older persons, independent of 24hr-UAE. Spot urine creatinine is moderately correlated with timed urine creatinine excretion and is weakly inversely associated with CVD events. The relationship of spot-ACR with CVD events was similar to that of 24hr-UAE, even across subgroups that differ in muscle mass. We conclude that although muscle mass may influence spot urine creatinine concentrations, the major determinant of the relationship of spot-ACR with CVD events is driven by the numerator (albumin) rather than the denominator (creatinine) in communityliving individuals. 
